Cyanobacterial blooms are of increasing concern due to their negative impacts on environment and cyanobacteria-producing cyanotoxins, which create serious threats to animal and human health. Early detection of the harmful cyanotoxin-producing cyanobacteria is vital for the water management. In this study, we compared the amplification specificity for microcystin-producing cyanobacteria with primers targeting 16S rRNA genes, phycocyanin operon, and regions of mcy gene clusters. To detect presence of microcystin-producing cyanobacteria in a drinking water sourced reservoir, whole cell PCR assay was performed to amplify partial mcyA, mcyE, and the results were compared with that of direct microscopic counts based on morphologic identification. The positive liner correlation of the Microcystis colony by microscopic counts with mcyA containing cell, which was quantified by whole cell quantitative RT-PCR assay, was further confirmed. The results indicated that the microcystin-producer in the reservoir was mainly Microcystis. Therefore, we provided a simple, rapid, sensitive and applicable method for early detection of toxic cyanobacteria.
Introduction
Cyanobacterial blooms are of increasing concern worldwide in aquatic habitats such as lakes, reservoirs, rivers, estuaries and oceans. They often occur at eutrophic condition and become a serious problem for water management. Algal blooms have negative environmental impacts including reduced light levels and reduced dissolved oxygen concentrations that intensely affect the existence of zooplankton and plankton. Many species of cyanobacteria produce cyanotoxins [1] , and as a result, blooms create serious threats to animal and human health. Furthermore, cyanotoxins have been proved to act as tumor promoters in mice and link to liver cancer in humans [2] . Microcystis aeruginosa is one of the most common freshwater bloom-forming species of cyanobacteria, and it has a number of adaptations rendering them competitively superior to other phytoplankton [3] . One of the major concerns about M. aeruginosa is its toxic phenotype produce a group of cyclic peptides known as microcystins [4] . Other genus of cyanobacteria including Anabaena and Planktothrix are also known to produce these compounds [4, 5] . Microcystin is synthesised non-ribosomally catalyzed by a multifunctional enzyme complexes including non-ribosomal peptide synthase (NRPS) and polyketide synthase (PKS) modules. The gene clusters mcy encoding biosynthetic enzyme have been sequenced and characterized. In M. aeruginosa PCC7806, the mcy gene cluster is arranged in two divergently transcribed operons, mcyA-C and mcyD-J, of which mcyA-C encodes three NRPSs, mcyD encodes a modular PKS, and mcyE encoding a hybrid enzyme comprising NRPS and PKS modules [6, 7] . Although the multienzyme components encoded by the different genera are highly similar, the organization of this gene cluster seems unique within each genus. Only the mcyA-C arrangement was proved to be conserved among toxic strains of the different genera [8] .
Traditionally, detection of cyanobacteria relies largely on microscopic techniques and needs much effort. Identification of a cyanobacterial genus by morphology could not distinguish toxic and non-toxic strains coexist [9] . As shown in M. aeruginosa, different strains of one species can be morphologically identical but differ in toxigenicity [10] .The physicochemical analysis by instruments, including high performance liquid chromatography (HPLC) and matrix-assisted laser desorption/ionisation time of flight (MALDI-TOF) spectrometry serve as powerful means to quantify most cyanotoxins [11, 12] .Immunological and biochemical detection methods, such as sensitive ELISA and colorimetric (protein phosphatase inhibition) assays, can provide toxicity detection of the hepatotoxins, microcystin and nodularin in the laboratory and in environmental samples [13] . There have been attempts to refine the detection by using molecular method, mostly based on the polymerase chain reaction (PCR). There are various of molecular tests, some of them based on 16S rRNA genes [14] , the phycocyanin [15] ,16S-23S rRNA internal transcribed spacer region [16] , and nitrogen fixation gene (nif) [17] , attempting to distinguish toxigenic from nontoxigenic strains. The elucidation of genes involved in cyanotoxin synthesis opened a new avenue to allow the detection of toxic genotypes. Based on toxin synthase genes, a variety of molecular detection methods for the cyanobacteria and their toxins are developed [18, 19, 20] .
The presence of toxigenic cyanobacteria in drinking water reservoirs poses even serious problem to public health. Early detection of bloom forming is vital for the water management. In this study, we investigated samples from a reservoir served as a drinking water source. The reservoir named Queshan which locates at the lower reaches of Yellow River. In this reservoir, Microcystis becomes the dominant genus of the algae community in the early summer every year. We performed whole cell PCR to detect microcystins-producing strain. The amplification specificity with different primers was compared, which target 16S rRNA genes, phycocyanin operon, and different regions of the mcy gene cluster. We also tried whole cell quantitative RT-PCR targeting mcyA to detect the presence of microcystin-producing cyanobacteria. The purpose of our study is to develop a rapid, applicable, and reliable PCR assay method focus on toxic Microcystis which can be used for routinely water quality monitoring.
Materials and Methods

Pure strains and environmental samples
Various axenic strains of algae were obtained from the Culture Collections of the Freshwater Algae of the Institute Hydrobiology FACHB-Collection; Wuhan, China). M. aeruginosa (FACHB975), Anabaena flos-aquae (FACHB245) were cultured in sterilized BG11 medium [21] , while Cyclotella meneghiniana (FACHB1031) was cultured in sterilized DM medium [22] . Strains were incubated at 25 °C with the light intensity of 8-12 mw/cm 2 of photons, and a 14:10 light:dark cycle as recommended by the culture collections.
Environmental water samples were collected from an artificial reservoir locates at the lower branch of Yellow River in eastern China. The reservoir was served as a drinking water source. Collections were carried out with Niskin bottle at 0.5m below the surface in summer of 2009 and early summer of 2010. The water sample about 200mL was filtered through 0.8 m-pore-size polycarbonate membranes (Millipole Corp.) in laboratory. After collection, all the samples had been finished filtering within 4 hours and the members contained algae were stock at -70°C for template preparation.
Template preparation and primers used in this study
Cells from the filer-concentrated reservoir water samples were washed off the membrane with 1mL PBS buffer by voltex and collected by centrifugation. Cells were washed with ultra-purified water for two times and resuspended with 200 L ultra-purified water as a stock for PCR assay. Axenic strains of algae were cultured to exponential phase and collected by centrifugation. Similarly, after washing cells with water for two times, resuspended cells and stocked it for PCR assay.
PCR primer sets targeting the 16S rRNA genes, phycocyanin operons, and different regions of the mcy gene cluster were used in this study. The targets, primer sequences, amplicon size and references are listed in Table 1 . Primers' synthesis was performed by Shanghai Sangon Biotechnological Company (China).
Conventional PCR
The volume of the PCR cocktail was 50 l containing: 0.2 mM of each dNTP, 1.5 mM of MgCl 2 , 0.5 Mof each primer, 1 U Taq DNA polymerase (TaKaRa Biotechnology Co., Ltd. Dalian) and template prepared as above mentioned 10 l. The PCR conditions for the conventional PCR are as follows: initial denaturation step of 93°C for 5 min, 30 cycles of 93°C for 30 s, annealing for 30 s, and 72°C for 1min, followed by a final extension step at 72°C for 5 min, and then held at 4°C. The annealing temperatures for amplification are listed as: 16S rDNA(57°C), phy(57°C), mcyA(55°C), mcyE(57°C), mcyAcd(48°C), mcyAB(50°C) and mcyB(50°C). The PCR product was separated on 1% agarose gels and observed by a transilluminator after staining with 0.5% ethidium bromide solution for 10 min. 
Real-time quantitative PCR (RT-qPCR)
The RT-qPCR reactions were performed at a Bio-Rad iCycler MyiQ2 system with cocktail in 20 l volumes containing: 10 l of EvaGreen SuperMix (Bio-Rad Laboratories), 0.4 M of each primer, and 2 l of template. Cycling was initiated with denaturation for 2min at 98°C, followed by 40 quantification cycles, each cycle consisting of 5 s at 98°C, and 10 s at 55°C. A fluorescence measurement of the amplification products generated was obtained at the end of each cycle at 55°C. The melting temperature was determined for all amplicons after ramping from 65°C to 95°C. The Ct values were determined by iQ5 Optical system software (version 2.0). To quantify the template cell numbers in unknown samples, standard curves were generated by correlating the number of cells and the threshold cycle(Ct) values, in a ten-fold dilution series of the M. aeruginosa(FACHB975) which was determined by microscopic direct count. DNA samples were amplified in triplicate.
Cloning and sequence analysis of PCR amplicons
The amplicons were ligated into pMD-19T vector (TaKaRa Biotechnology Co., Ltd. Dalian) that was used to transform Escherichia coli TOP10 competent cells (Invitrogen Corp., Carlsbad, CA). The sequence of the insert was confirmed by sequencing performed by Shanghai Sangon Biotechnology Company (China). The sequences were aligned and compared to available sequences in GenBank database using BLAST programs of the National Center for Biotechnology Information.
Results
Screening the primers for toxic M. aeruginosa detection by PCR assay
PCR amplifications of individual 16S rDNA, phy, mcyA, mcyE, mcyA-cd, mcyAB, and mcyB gene fragment were performed in three algae strain. M. aeruginosa FACHB975 was used as the toxic target and an Anabaena strain was used as a non-toxic cyanobacterial strain. C. meneghiniana was used as a negative algae control. The cyanobacterial specific 16S rDNA PCR resulted in a 782-bp partial fragment for all of the algae strains. The phycocyanin operon was amplified and obtained 650-bp product from two cyanobacterial strain. The amplification of all the mcy gene fragments (mcyA, mcyE, mcyA-cd, mcyAB, and mcyB) was only obtained in microcystin-producing strain, M. aeruginosa FACHB975 (Fig.1 and Fig.2 ). The PCR products were sequenced in order to confirm the identity of the amplified fragments. Sequence analysis of the amplicons showed the amplified products correspond to the expected mcy gene fragment. 
Whole cell PCR detection for microcystin synthase genes in reservoir samples
To assess the presence of potential toxic microcystin-producing strains in the reservoir, five samples from the reservoir were detected the presence of two mcy genes, mcyA and mcyE (Fig.3) by whole cell PCR assay. The presence of mcyA and mcyE indicates that there has the genetic potential to produce microcystin. The microscopic direct counts of Microcystis were carried out simultaneously for the reservoir samples ( Table 2 ). The detection results for mcyA agreed with Microcystis direct counts, while amplification of mcyE failed for one sample and one amplicon was very faint. The amplified mcyA and mcyE fragments were sequenced, confirming that the amplified products correspond to the expected mcy gene fragment. Nucleotide Blast analysis of the amplified fragments showed a homology above 96% with the Microcystis strains. 
Whole cell quantitative RT-PCR detection
Whole cell quantitative RT-PCR was performed for reservoir samples to further assess the microcystinproducing potential in the reservoir using QmetF/R primers. Serial dilutions of M. aeruginosa FACHB975 were analyzed by RT-PCR and used to generate standard curve. The assay was able to detect less than 100 cells containing mcyA gene. For one reservoir sample (signed as 2010-07) which was undetected of any Microcystis by microscopic count, 84 copies of the mcyA gene were detected by RT-PCR assay. Results of RT-PCR assay for mcyA -containing cells in reservoir samples showed a positive linear correlation with colony numbers of Microcystis monitored by microscopic counts (Fig.4) . The result indicated microcystin-producer was mostly Microcystis in the reservoir. 
Discussion
In this study, detection of toxic cyanobacteria through molecular markers for microcystin was carried out for environmental samples. And traditional microscopic detection data of Microcystis served as a comparison. Nowadays, more and more research supports there are no correlations of between phenotypes and genotypes of blooming-cyanobacteria. Traditional detection of cyanobacteria based on morphological characteristics (such as cell size and shape) was not reliable to predict the microcystin produce in aquatic environment [8] . Though morphological detection complemented with animal bioassays to assess the toxicity can supply the information of microcystin threat, problems with respect to sensitivity, ethical issues, costs and labour consuming still remain. Detection of toxic cyanobacteria through molecular methods in the environment is thought to have great use-potential in routine analysis of aquatic ecosystems as shown in increasing research. Before the discovery of cyanotoxin synthesis gene clusters, genetic polymorphisms within the 16S rRNA gene was major explored as means to detect and differentiate the hepatotoxic cyanobacteria [14] . While information 16S rRNA gene internal transcribed spacer (ITS) could be used to identify some potentially toxic cyanobacterial genera [16] , the erratic distribution of toxic and non-toxic strains within most genera prevented the accurate diagnosis of bloom samples [9] . In this study, we used a pair of cyanobacteria specific primers 27F/809R targeting the 16S rRNA gene to test its specificity for cyanobacterial detection. However, except two cyanobacteria strain showed their expected amplification, a diatom strain, C. meneghiniana also showed identical sized amplification product. Some researches revealed 16S rRNA gene sequence of chloroplast in diatom shared closed relationships with that of cyanobacteria [23] . Cyanobacterial specific primers targeting 16S rRNA gene sequence are frequently used to estimate the number of the cyanobacteria by RT-PCR method.
In environmental samples detected, eukaryotic algae share equivalent biomass with cyanobacteria, thus, the estimation for cyanobacteria numbers might be magnified. The primers PC F/ PC R targeting phycocyanin gene showed high specificity for cyanobacteria detection, and phycocyanin gene can be used as the target for RT-PCR to estimate cyanobacterial biomass. Enzymology and molecular genetic studies on cyanotoxin biosynthesis provided groundwork for the molecular detecting toxin-producing strains. The primers targeting NRPS and PKS encoding genes were used in this study to test the applicability for whole cell PCR assay of environmental samples. We used PCR assay as verification to the microscopic count of Microcystis for blooming samples. The amplification of mcyA showed high consistence with fluctuation of colonies count, and this was further confirmed by quantitative RT-PCR assay. The numbers of mcyA-containing cells showed a strong positive liner correlation with Microcystis colonies. The results suggested the microcystin-producer in the reservoir is mainly Microcystis. As we known, traditional microscopic detection of cyanobacteria based on morphological characteristics can not estimate the toxic cyanobacteria effectively, however, in this study, the biomass of toxic cyanobacteria correlated to the total biomass of Microcystis colony, thus, microscopic count for reservoir monitoring could provide toxic cyanobacterial information indirectly.
Whole cell RT-PCR could be used to as a rapid and reliable method to detect microcystin producers in environmental samples. It showed more sensibility than conventional PCR detection as shown for the undetected sample by conventional PCR detection. And by now, less than 100 copies target cells can be detected by RT-PCR, which was more sensitive than result in a recent study [21] . Further research should be focus on the accuracy assessment of RT-PCR and drawing the cell numbers from the gene copies quantity. Extending research on whole cell RT-PCR assay for microcystin-producing cyanobacteria will make water quality monitoring more feasible, rapid, and sensitive, and allow the early forecast of the toxigenic cyanobacteria bloom.
Conclusion
The whole cell PCR assay developed in this study, including conventional PCR and quantitative RT-PCR, could be used to detect hepatotoxigenic cyanobacteria in aquatic environment sensitively. As the assay is simple, rapid, and reliable, it can be applied in early diagnosis of toxic cyanobacteria blooming.
